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APPARATUS AND METHOD FOR REDUCING
LEAKAGE OF UNUSED BUFFERS IN AN
INTEGRATED CIRCUIT

BACKGROUND OF THE INVENTION 5

1. Field of the Invention

The present invention relates to integrated circuits. More
particularly, the present invention relates to apparatus and
methods for reducing leakage 1n unused ones of the buffers 10
employed for making interconnections 1n itegrated circuits
such as field programmable gate arrays (FPGAs) and other
programmable logic devices (PLDs).

2. The Prior Art

Configurable integrated circuits such as FPGAs and other 15
programmable logic devices require numerous inverting or
non-inverting buflers to 1mplement 1nterconnections.
Because the bulfers may drive substantial capacitive loads 1n
some cases, they are usually designed using relatively large
transistors. FPGA routing typically consists of a multiplexer 20
whose select mputs are set at configuration time and a builer
driven by the output of the multiplexer. Most multiplexer
inputs are driven by ordinary variable logic signals. An addi-
tional mput may be present to force an unused builer 1nto a
known fixed state; this 1s done by providing a way to “tie off” 25
the input of an unused buffer to either OV or V ...

With submicron VLSI processes, leakage current through
the large transistors used 1n the interconnection builers can be
substantial even when they are turned oif. This wastes power.

Various techniques have been proposed to reduce leakage 30
of used or unused bufiers in FPGAs, including altering the
bias of the wells containing the builer transistors, and selec-
tive use of transistors with different threshold Voltages Other
methods have also been proposed.

35
BRIEF DESCRIPTION OF THE INVENTION

An interconnect circuit includes a buffer having an input
and an output, at least one multiplexer transistor coupled
between a multiplexer input node and the 1input of the buffer, 40
and a fixed-state multiplexer transistor coupled between a
fixed-state multiplexer mnput node and the 1nput of the butier,
the fixed-state multiplexer input node having a potential of
etther less than zero volts or more than V .. present on its
input terminal. 45

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

FIGS. 1A and 1B are schematic diagrams of two examples 50
of an apparatus for reducing leakage 1n an unused buifer
employed for making interconnections in FPGAs 1n which
FIG. 1A employs MOS ftransistors and FIG. 1B employs
nonvolatile transistors.

FIGS. 2A and 2B are schematic diagrams of two examples 55
of an apparatus for reducing leakage 1n an unused 2-stage
buffer employed for making interconnections in FPGAs in
which FIG. 2A employs MOS transistors and FIG. 2B
employs nonvolatile transistors.

60
DETAILED DESCRIPTION OF THE INVENTION

Persons of ordinary skill in the art will realize that the
tollowing description of the present mvention 1s 1llustrative
only and not 1n any way limiting. Other embodiments of the 65
invention will readily suggest themselves to such skilled per-
SOnS.
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Inverting and non-inverting buifers are used to route sig-
nals and implement interconnections in configurable inte-
grated circuits such as FPGAs and other PLDs. FPGA routing
typically consists of a multiplexer whose select inputs are set
at configuration time and a buifer driven by the output of the
multiplexer. Most multiplexer inputs are driven by ordinary
variable logic signals. An additional input may be present to
force an unused buil

er into a known fixed state; this 1s done by
providing a way to “tie oif” the mnput of an unused butler to
either OV or V -

Instead of connecting the tie-oif mput to O or V-, 1t 1s
connected to a voltage slightly below 0 or shghﬂy aboveV -
(e.g., a 0.1 volt differential). This has the effect of greatly
reducing the leakage of either the N or P device, respectively,
in the first (or sole) stage of the builer.

Such an arrangement 1s depicted 1n FIGS. 1A and 1B. In
FIG. 1A, mverting buffer 10 1s driven by the output of a
multiplexer formed from n-channel MOS transistors 12, 14,
and 16 that passes the input at node 18 to the input of inverting
buifer 10 when n-channel multiplexer transistor 12 1s turned
on by presenting an appropriate input to its gate and passes the
input at node 20 to the mput of inverting buffer 10 when
n-channel MOS multiplexer transistor 14 1s turned on by
presenting an appropriate mput to its gate. In FIG. 1B, the
same circuit 1s shown employing nonvolatile transistors 12z,
14», and 167 1n place of n-channel MOS transistors 12, 14,
and 16. Nonvolatile transistors 127, 14», and 16% 1n place of
n-channel MOS transistors 12, 14, and 16 may be pro-
grammed using well-known circuits and methods.

I neither multiplexer transistor 12 nor multiplexer transis-
tor 14 1s turned on, fixed-state multiplexer transistor 16 may
be turned on to place the input to inverting buffer 10 to a fixed
state. According to the present invention, the voltage at fixed-
state multiplexer input node 22 may be set at either a value
that 1s less than zero (e.g., about —0.1V) or more than V -
(e.g., about 0.1 volts greater than 'V -, 1.e., about 1.6V 1LV -
1s 1.5V). If n-channel MOS fixed-state multiplexer transistor
16 1s a normal transistor, its gate should be driven by a voltage
greater than the voltage at fixed-state multiplexer input node
input node 22 (at least one V, larger) as 1s known 1n the art.

In a programmable logic device such as an FPGA, place-
ment and routing software 1s used to map an end-user design
into a particular configurable logic device. As part of this task
the software 1dentifies which buffers are used and which are
unused. It can then set appropriate bits 1n the bitstream used to
configure the device to connect muxes driving unused buifers
to the sub-ground or super-V - input.

The choice of the state into which the input of an unused
inverting buifer should be placed can depend on several fac-
tors. For an SRAM-based FPGA using ordinary NMOS mul-
tiplexer transistors, it may be preferable to place a voltage
below ground at the input to transistor 16. On the other hand,
for a tlash-based FPGA, where transistor 16 can pass voltages
above 'V .., a voltage greater than V .. may be preterable. In
addition, the use of the voltage greater than V -~ has the added
advantage of reducing the leakage through transistors 12, 14
and 16 when they are ofl.

I a non-1nverting builer 1s required 1n the design, persons
of ordinary skill 1n the art will appreciate that it may easily be
implemented using two cascaded inverters. According to the
present invention, an additional 2-input multiplexer may be
inserted between the inverter stages so that the second butifer
stage can be similarly controlled. Two examples of such an
arrangement are illustrated in FIGS. 2A and 2B. FIG. 2A
depicts a circuit utilizing n-channel MOS transistors and FIG.
2B depicts the same circuit employing n-channel MOS non-
volatile transistors.
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Referring now to FIGS. 2A and 2B, a portion of the circuit
1s the same as the circuit depicted in FIGS. 1A and 1B.
Accordingly, mverting buffer 10 i1s driven by the output of a
multiplexer that passes the mput at node 18 to the input of
inverting buifer 10 when transistor 12 1s turned on by present-
Ing an appropriate mput to 1ts gate and passes the input at node
20 to the mput of inverting buifer 10 when n-channel MOS
transistor 14 1s turned on by presenting an appropriate input to
its gate.

In addition to the aforementioned elements of FIG. 2A that
are present in FI1G. 1A, the circuit of FIG. 2A also includes a
second mnverting buffer 24. N-channel MOS transistor 26
passes the output of mverting buifer 10 to the input of imvert-
ing buffer 24 when an appropriate voltage 1s presented at 1ts
gate. If, however, the two-stage buffer including 1nverting
butfer 10 and inverting butfer 24 1s not to be used, n-channel
MOS transistor 26 1s turned oil and n-channel MOS transistor
28 1s turned on, and the potential at fixed-state multiplexer
input node 30 1s presented to the input of inverting buffer 24.
According to the present invention, that potential may be set
at either a value that is less than zero (e.g., about —-0.1V) or
more than V.~ (e.g., about 0.1 volts greater than V -, 1.¢.,
about 1.6V IV ~~1s 1.5V). The circuit of FIG. 2B operates 1n
the same manner as the circuit of FIG. 2A with the exception
that nonvolatile transistors 127, 14n, 16», 26», and 28» are
employed 1n place of n-channel MOS transistors 12, 14, 16,
26, and 28.

As persons of ordinary skill in the art will appreciate, other
circuits normally present 1n an FPGA 1ntegrated circuit (not
shown) are used to provide the potentials at nodes 22 and 30
of the circuits of FIGS. 1A, 1B, 2A, and 2B. These circuits,
such as charge pump circuits, are well known and disclosure
of them 1s not necessary to understand the concepts of the
present invention. In addition, such skilled persons will also
appreciate that circuits capable of generating the inputs pre-
sented to nodes 18 and 20 are present 1n the integrated circuit.
Circuits for performing this function are also known and
disclosure of them 1s not necessary to understand the concepts
of the present invention.

The use of either the sub-ground or super-V .~ voltage to
the gates of unused bufiers may be different for different
types of circuit configurations. These differences will be
apparent to persons skilled in the art. For example, depending
on what type of switch device 1s used, one or the other voltage
might be more easily tolerated. For mstance, switches fabri-
cated using floating gate or other non-volatile memory tran-
s1stor technology would be able to tolerate and pass voltages
greater than V -~ through to the butler. Low-voltage switches
controlled by SRAM might not be able to tolerate these volt-
ages, making sub-ground voltage the appropriate choice.

Assuming NMOS pass gates or tlash devices are used to
implement the switches, use of greater-than-V -~ voltage
according to the present invention has the added advantage of
reducing leakage through the turned off switches. (The turned
off switches are the ordinary switches connected to normal
inputs when the buil

er 1s unused, or the added switch con-
nected to greater-than-V -~ voltage when the buffer 1s used.)

The present invention may be especially useful when then
multiplexers preceding buffers 10 and 24 are made of flash
devices or are transistors with a thicker-than-normal oxide

and/or driven by a gate voltage exceeding V .~ when on. This
1s typical for flash-based FPGA:s.

The butifer 10 (or 24) may be implemented as an ordinary
two-transistor inverter. However it could also be a more com-
plicated inverting or non-mverting butier circuit. As long as it
has the characteristic that its leakage 1s reduced when the
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iput 1s set to a sub-ground or super-VCC potential, the goal
of the invention will be achieved.

While embodiments and applications of this mmvention
have been shown and described, 1t would be apparent to those
skilled 1n the art that many more modifications than men-
tioned above are possible without departing from the mnven-
tive concepts herein. The mnvention, therefore, 1s not to be
restricted except 1n the spirit of the appended claims.

What 1s claimed 1s:
1. An interconnect circuit including:
a bufler having an input and an output;
at least one multiplexer transistor coupled between a mul-
tiplexer input node and the input of the buffer, the mul-
tiplexer input node biased at a potential of either zero
volts or V ; and
a fixed-state multiplexer transistor coupled between a
fixed-state multiplexer input node and the mput of the
butfer, the fixed-state multiplexer input node biased at a
potential of either less than zero volts or more than'V - -;
wherein at least one multiplexer transistor and the fixed-
state multiplexer transistor are transistors that can pass
voltages above V -; and

wherein at least one multiplexer transistor and the fixed-
state multiplexer transistor are non-volatile transistors.

2. The interconnect circuit of claim 1, wherein the potential
of less than zero volts 1s about 0.1V less than zero volts.

3. The interconnect circuit of claim 1, wherein the potential
of more than V .~ 1s about 0.1V more than V ..

4. The interconnect circuit of claim 1, wherein the at least
one multiplexer transistor 1s at least two multiplexer transis-
tors.

5. An interconnect circuit including;

a first buifer having an input and an output;

at least one first buffer multiplexer transistor coupled
between a first buffer multiplexer input node and the
input of the first butfer, the first buifer multiplexer input
node biased at a potential of zero volts or V .-

a lixed-state first buifer multiplexer transistor coupled
between a fixed-state first buifer multiplexer input node
and the input of the first butler, the fixed-state first buifer
multiplexer input node biased at a potential of either less
than zero volts or more than V . -

a second buifer having an mput and an output;

a second butler enable transistor coupled between the out-
put of the first buffer and the input of the second butfer,
the second bufler enable transistor having a gate con-
nected to an enable node;:

a fixed-state second bufler multiplexer transistor coupled
between a fixed-state second buifer multiplexer input
node and the mnput of the second buitfer, the fixed-state
second builer multiplexer input node biased at a poten-
tial of either less than zero volts or more than 'V -

wherein at least one first buffer multiplexer transistor and
the fixed-state first and second bufller multiplexer tran-
sistors are transistors that can pass voltages above V
an

wherein the least one first buifer multiplexer transistor, the
second buifer multiplexer transistor, the fixed-state first
multiplexer transistor, and the fixed-state second multi-
plexer transistor are non-volatile transistors.

6. The interconnect circuit of claim 3, further including at
least one additional multiplexer transistor coupled between a
varying signal and the input of the second butfer.

7. The interconnect circuit of claim 5, wherein the potential
of less than zero volts 1s about 0.1V less than zero volts and
the potential of more thanV - 1s about 0.1V more than 'V .
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8. The interconnect circuit of claim 5, wherein the least one state multiplexer input node and the mput of the buifer, a
first buifer multiplexer transistor, the second buffer multi- method for reducing leakage in unused ones of the butfers
plexer transistor, the fixed-state first multiplexer transistor, including:
and the fixed-state second multiplexer transistor are non- determining a group ot the butters that are unused in a user
volatile transistors. 5 configuration of the programmable integrated circuit;

and

9. In a programmable mtegrated circuit having intercon-
nect circuits each including a buffer having an mput and an
output and at least one multiplexer transistor coupled between
a multiplexer mput node and the input of the builer and a
fixed-state multiplexer transistor coupled between a fixed- S T

programming the programmable integrated circuit to apply
a potential of either less than zero volts or more than'V -~
to the fixed-state multiplexer input node.
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